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We demonstrate Bragg diffraction of the antibiotic ciprofloxacin and the dye molecule phthalocyanine at a thick
optical grating. The observed patterns show a single dominant diffraction order with the expected dependence
on the incidence angle as well as oscillating population transfer between the undiffracted and diffracted beams.
We achieve an equal-amplitude splitting of 14~k (photon momenta) and maximum momentum transfer of 18~k.
This paves the way for efficient, large-momentum beam splitters and mirrors for hot and complex molecules.
Introduction — Matter-wave diffraction and interference
have numerous applications across the natural sciences. Elec-
tron and neutron diffraction are key techniques in condensed-
matter physics and materials science [1, 2], while atom in-
terferometers are utilized in tests of fundamental physics,
as well as for measuring physical constants and inertial
forces [3, 4]. Extending matter-wave interference experi-
ments to large molecules enabled quantum-assisted studies
of molecular properties [5, 6] as well as the interference
of biomolecules [7, 8] and particles with masses beyond
25000 u [9].
One of the major techniques used in matter-wave interfer-
ometry is Bragg diffraction. It employs thick gratings [10] to
coherently scatter the impinging particles into a single diffrac-
tion order. This allows for the realization of efficient matter-
wave mirrors and beam splitters [11, 12]. Bragg diffraction
stands in contrast to Raman-Nath diffraction at thin grat-
ings [13–15], which produces several diffraction orders ar-
ranged symmetrically around the incoming particle beam.
Bragg diffraction was first demonstrated for neutrons [16]
and later for atoms [17], Bose-Einstein condensates [18],
electrons [19], and diatomic molecules [20].
Here, we report on the first Bragg diffraction of complex
organic molecules. We show that the antibiotic ciprofloxacin
and the dye molecule phthalocyanine [see Fig. 1a)] can be
reliably diffracted, despite being in a highly excited rota-
tional state and possessing more than one hundred vibrational
degrees of freedom thermalized at 700–1000 K. This is an
important step towards efficient coherent manipulation of
functional, hot, and polar molecules.
Experimental Setup — The experimental setup is shown
in Fig. 1b): the molecules are evaporated by a focused laser
beam, diffracted at a thick optical grating and collected on a
quartz slide at the end of the vacuum chamber. In detail, a thin
film of molecules is evaporated from the entrance window of
a vacuum chamber by focusing a 420 nm laser beam down
to a waist of 1.3(1) µm. We have used mass spectrometry
to verify that molecular fragmentation can be neglected in
the evaporation process [21]. After 1505 mm of free flight
the molecular beam is transversely collimated with a piezo-
controlled slit Sx, which we set to about 14 µm. After an
FIG. 1. a) The experiments are performed with the antibiotic
ciprofloxacin (left) and the organic dye phthalocyanine (right). b)
A thermal beam of molecules is produced by micro-evaporation
and collimated vertically (Sx) and horizontally (Sy). After 1.5 m
of free flight the molecules are diffracted at a thick laser grating
created by retro-reflecting a 532 nm laser at a highly reflective mirror.
The angle of the mirror with respect to the molecular beam θgrat
can be controlled with µrad precision. The molecular diffraction
pattern is recorded after further 0.57m of free flight by laser-induced
fluorescence microscopy.
additional 35 mm, the molecules are diffracted at a standing
light wave, realized by retro-reflecting a laser beam with
wavelength λ = 532 nm, power P ≤ 14.6(2) W, and waist
along the flight direction wz = 7.04(5) mm. The waist along
y at the position of the molecular beam is set to wy = 55–
65 µm as measured with a fiber-based beam profiler [27]. The
angle between the mirror surface and the molecular beam
θgrat is determined with an accuracy of about 5 µrad. This is
achieved by finding the zero-incidence position of the actively
stabilized piezo mirror mount and tilting it by the desired θgrat
before each run. Free fall in the gravitational field leads to a
vertical dispersion of the molecular velocity at the detector
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2surface. To ensure good velocity separation, a vertical slit
Sy with an opening of 25 µm is placed about 20 mm in front
of the grating. The slit is aligned with respect to the grating
with an accuracy of 10 µm using the fiber-based profiler. The
molecular diffraction pattern is collected on a quartz plate,
570 mm behind the grating and imaged using fluorescence
microscopy [21]. The experiment is conducted at a pressure
below 10−7 mbar to avoid collisional decoherence.
Ciprofloxacin is a polar biomolecule with a mass of m =
331 u and and a negligible absorption cross section of σabs 
10−18 cm2 for λ ≥ 400 nm [28]. It interacts with the light
grating via its optical polarizability volume α′532 = 38.9 Å
3,
which we calculated for the ground state geometry at the
PBE0/Def2TZVPP level. Phthalocyanine is a non-polar dye
molecule with a mass of m = 515 u and a static polarizability
volume α′ = 101 Å3 [29]. In contrast to ciprofloxacin, it
has a non-negligible absorption cross section of σabs = 9×
10−18 cm2 at 532 nm [30]. This allows us to observe the
effect of absorption of the grating photons on the diffraction
process.
Theoretical model — Atomic and molecular Bragg diffrac-
tion follows from the induced dipole interaction of a polar-
izable point particle with a thick light grating. The parti-
cle moves initially with a velocity v = (vx, vy, vz), where
vz  vx, vy. Since the forward momentum mvz and the
kinetic energy mv2/2 are much bigger than, respectively, the
photon momentum ~k = 2pi~/λ and the potential depth, the
motion in the z-direction is virtually unchanged by the grat-
ing and can be treated classically. The same can be assumed
about the y-motion. Furthermore, the high vz allows us to
neglect the free fall during the particle’s passage through the
grating. All this reduces the problem to the 1D dynamics
along the x-axis.
In a frame moving with the velocity vx the particle is ini-
tially at rest while the grating is moving. The Hamiltonian
can then be written as
Hˆ = − ~
2
2m
∂2
∂x2
− V (t) cos2[k(x+ vxt)], (1)
where V (t) = 16Pα′/(cwzwy) exp
(−2v2zt2/w2z). The
time-dependent Schrödinger equation i~∂tψ(t, x) =
Hˆψ(t, x) can be solved using the ansatz
φ(t, x) ≡ exp
(
− i
2~
∫ t
−∞
dt′ V (t′)
)
ψ(t, x+ pi/2k) (2)
=
∞∑
j=−∞
cj(t)e
ikjx/n, (3)
where n ∈ N is an arbitrary integer which determines the
spacing between the basis states. For plane-wave illumination
an n = 1 ansatz is sufficient; for numerical simulation with
finite collimation, however, n 1 is necessary. Substituting
Eq. (3) into the Schrödinger equation yields the Raman-Nath
equations [31]
ic′j(t) =
(
j
n
)2
cj(t) +
γ
4
e−2τ
2/σ2
[
cj−2n(t)e4iptrτ+
+ cj+2n(t)e
−4iptrτ
]
, (4)
where a prime denotes a derivative over τ = ωrt, ωr =
~k2/2m, and
γ =
V (0)
~ωr
, σ =
wzωr
vz
, ptr =
mvx
~k
. (5)
These correspond to dimensionless grating strength, inter-
action time, and momentum of the incident particle. The
interaction time parameter is close to the ratio of the grating
waist radius wz and the characteristic length scale of near-
field diffraction, the Talbot length LT = λ2mv/4h [32], for
we have σ = piwz/4LT.
The Raman-Nath equations have approximate, closed-form
solutions in the short-interaction and in the weak-potential
limits. The thin-grating (or Raman-Nath) approximation
amounts to dropping the kinetic term in Eq. (1), which is
possible when the motion of the particle inside the grating
can be neglected. This requires σptr  1 and σ√γ  1.
In this regime the diffraction pattern is symmetric and inde-
pendent of the incidence angle. The weak-grating (or Bragg)
approximation amounts to the adiabatic ellimination of all but
two of the Raman-Nath equations. This is possible when the
depth of the grating potential is small compared to the recoil
energy, such that only transfer to the Bragg-reflected state is
allowed by energy conservation. For ptr > 1 this is the case
when γ  8(ptr−1) [33]. In this regime, the interaction time
necessary to achieve high-order diffraction grows like a facto-
rial Γ(ptr), as the particle has to tunnel through increasingly
many energy-forbidden states.
When the above approximations cannot be used, the solu-
tion can be obtained either via adiabatic expansion [33] or
numerically. In our experiments with ciprofloxacin γ ' 55,
σ ' 0.38, and ptr ' 5 (at 250 m/s), which lies in this in-
termediate regime. We resort to numerical solution, since
the convergence of the adiabatic expansion is slow. We note
that in the intermediate regime both Raman-Nath-like and
Bragg-like (also called quasi-Bragg [33]) diffraction can oc-
cur, depending on the intensity profile and the thickness of the
grating [34]. We use a smooth Gaussian profile with sufficient
thickness to demonstrate Bragg-like diffraction. The latter
differs from diffraction in the weak-potential limit in that
the intermediate diffraction orders are populated during the
transit through the grating. This can lead to losses if the inter-
action time and strength are not optimally chosen. Finally, we
note that classical dynamics of particles in sinusoidal poten-
tials can give rise to analogous beam-splitting behavior [35];
however, a quantum model is generalizable and appropriate
in the absence of plausible decoherence channels.
Diffraction of ciprofloxacin — In Fig. 2a) we show the
pattern obtained by diffracting ciprofloxacin molecules at
3FIG. 2. False color image of the experimental (a) and simulated
(b) Bragg diffraction pattern of the antibiotic ciprofloxacin. The
laser grating waists are wz = 7.04(5)mm, wy = 55(5) µm, and the
collimation slit is set to 14 µm.
an incidence angle θgrat = −43(5) µrad. The y position in
the image determines the forward velocity of the particles,
which in turn determines the transverse momentum ptr and
the particle-grating interaction time σ.
For velocities above 300 m/s the interaction time is short
compared to the inverse of the characteristic frequencies of the
resonant Bragg transitions, and thus no diffraction occurs. As
the characteristic frequencies increase sharply with decreasing
ptr [33], a relatively sudden onset of diffraction is observed
at about 300 m/s. In the 300–150 m/s velocity range the
molecules become consecutively resonant with the 6th–4th
Bragg transition. The expected momentum transfer in a Bragg
transition of order l is 2l~k ∝ vz . Since the flight time
between the grating and the detector is inversely proportional
to the forward velocity, we expect an approximately constant
separation between the diffracted and the undiffracted beams.
The slight bend in the diffracted beam results from the fact
that the 6th order transition is dominant and thus contributes
also at non-resonant velocities.
As the Bragg condition is relaxed by the limited interac-
tion time, we observe no diffraction-free regions in between
the resonances. Nevertheless, the appearance of a single
diffracted beam and the asymmetry of the pattern help dis-
tinguish the observed phenomenon from stochastic photon
absorption or Raman-Nath diffraction. We finally note that at
vz ' 210 m/s the amplitude of the diffracted beam matches
that of the undiffracted one, demonstrating a 10~k equal-
amplitude beam splitter.
Numerical simulation using the Raman-Nath equations (4)
(Fig. 2b) qualitatively reproduces the observed pattern [21].
The experimental and the simulated images are vertically
aligned by matching the heights at which the diffracted peaks
reach half of their maximal intensities. This determines the
most probable velocity in the molecular beam of about 250
m/s.
Diffraction of phthalocyanine — To explore the univer-
sality of molecular Bragg diffraction and its robustness to
FIG. 3. Bragg diffraction pattern of the organic dye molecule ph-
thalocyanine at an incidence angle θgrat = 5(5)µrad. Panel (a) shows
the false color diffraction image. Panel (b) shows the averages of
20 µm high stripes, smoothed with median and Savitzky–Golay [36]
filters, and annotated with their corresponding velocities in m/s. The
velocities are determined by comparison with a diffraction pattern
produced by a material grating [21]. The laser grating waist for this
measurement is wy = 57(3) µm and the collimation slit width is
11.5 µm.
absorption, we switch to the dye molecule phthalocyanine.
We quantify the absorption by setting θgrat to an angle for
which we do not expect diffraction and observing the broad-
ening of the molecular beam. From the width of the beam we
infer that on average one photon is absorbed inside the grat-
ing [21]. Despite the absorption, we obtain diffraction images
of phthalocyanine, which are qualitatively similar to those of
ciprofloxacin [see Fig. 3a)]. The images exhibit oscillating
population transfer [see Fig. 3b)] reminiscent of the Pendel-
lösung oscillations predicted by the theory of weak-potential
Bragg diffraction and demonstrated with neutrons [37] and
atoms [38]. Similar oscillations can be seen in the power
dependence of the diffraction patterns [21].
To investigate the dependence of Bragg diffraction on the
incidence angle, we record a series of diffraction images in
which we vary θgrat (see Fig. 4). In agreement with the ex-
pectations, we find the molecules diffracted to either side of
the incoming beam, depending on the sign of the incidence
angle. Similarly as for ciprofloxacin, the diffracted molecules
form a slanted stripe indicating a single dominant transition.
This transition is broadened by the 12 µrad collimation of
the molecular beam [21], which results in deviations from
specular reflection seen in Figs. 3 and 4. The highest momen-
tum transfer recorded was 18~k with an efficiency of 10%
[Fig. 4c)], and equal-amplitude splitting was realized for a
momentum separation of 14~k [Fig. 4a)].
4FIG. 4. Angular dependence of Bragg diffraction of the dye
molecule phthalocyanine. Panels (a)–(c) show diffraction images for
the incidence angles 48 (a),−5 (b) and−69µrad (c). The images are
197 by 197 µm and the scale bars are 50 µm long. Panel (d) shows
the integrated intensity profiles for the incidence angle varying from
−69 to 48 µrad in steps of 10 µrad. The profiles are averages of
16 µm high stripes of the diffraction images corresponding to a ve-
locity range of 234 to 255 m/s. The curves are horizontally aligned
to center the undiffracted beam (which is the right peak for negative
incidence and the left peak for positive incidence). For ±5 µrad we
observe diffraction to both sides of the initial beam and hence align
the traces with respect to their center of gravity. The laser grating
waist for this measurement is wy = 65(5) µm and the collimation
slit width is 14.8 µm.
Discussion and outlook — We have demonstrated Bragg
diffraction for the complex organic molecules phthalocyanine
and ciprofloxacin. As our data is in qualitative agreement
with a simple polarizable-point-particle model, we expect that
this technique can be applied without modification to any
molecule of comparable size and absorption cross section.
That is irrespective of the details of its electronic structure,
dipole moment, etc. We have demonstrated a balanced beam
splitter with a momentum separation of 14~k, which is to the
best of our knowledge the largest equal-amplitude splitting
demonstrated for molecules using optical gratings. Although
with sufficient laser power similar or even greater splitting
could be achieved with a thin optical grating, this would
typically reduce the particle flux by a factor of 10 as only
two of the many populated output beams have to be selected.
The same problem applies to mechanical gratings, which
additionally are incompatible with polar molecules due to
rotational averaging.
Further development should increase the particle-grating
interaction time in order to decrease losses and sharpen the
Bragg resonances. A promising approach to achieve this is
slowing the molecules using buffer gas cells [39]. This could
ultimately allow for Mach-Zehnder interferometry with large
molecules. The possibility to selectively address the arms in
such a setup would, in turn, enable new interference schemes
utilizing the molecules’ chirality, conformation, and possibly
entanglement between the molecules’ internal and external
degrees of freedom. Efficient Bragg diffraction could also
enable pulsed Bloch oscillation beam splitters to realize even
larger momentum transfers [40].
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LASER DESORPTION
We employ a tightly focused laser beam to thermally evap-
orate the molecules. This results in a high thermal load which
may lead to thermal decomposition of ciprofloxacin, espe-
cially the detachment of the carboxyl group (-COOH). As the
experimental setup offers no mass resolution, this might dete-
riorate the contrast of the observed pattern. To test whether
fragmentation occurs in our source, we desorbed ciprofloxacin
in high vacuum and collected the material 8 mm behind the
source. This sample was analyzed using matrix-assisted laser
desorption/ionization mass spectrometry and compared to the
pristine sample from the supplier. The mass spectra show that
the laser evaporation leaves more than 99% of ciprofloxacin
intact. For phthalocyanine this has been tested with the same
result [22].
FLUORESCENCE IMAGING
To visualize the diffraction images of ciprofloxacin, we il-
luminate the pattern with about 100 mW of 266 nm light
generated by a SIRAH WAVETRAIN 2 pumped by a CO-
HERENT VERDI V10. We use a rotating diffuser to achieve
uniform illumination at a grazing angle of incidence. The
fluorescence photons are collected via a 20-fold microscope
objective (ZEISS PLANNEO FLUAR, NA = 0.5) and sepa-
rated from the background via a bandpass filter transmitting
light in the range between 505 and 595 nm. The images
are recorded with a UV enhanced EMCCD camera (ANDOR
IXON DV885 - K(S-VP)), using a multiplication factor of 1
and an integration time of 20 s. Background-correction was
achieved by subtracting images under identical illumination
with and without molecules.
The patterns of phthalocyanine are recorded by illuminat-
ing the pattern with 661 nm light and recording the fluores-
cence in the range between 700 and 725 nm. For more details
see Refs. [23, 24].
DATA PROCESSING— CIPROFLOXACIN
We perform data processing of all diffraction images using
the SCIPY stack. For Fig. 2a) we averaged 6 individual
images of the deposited pattern and denoised the result with
-20 0 20 40-40
Position [µm]
without laser
with laser
Suppl. Fig. 1. a) Collimating a beam of phthalocyanine with the
Sx delimiter set to 4 µm leads to a Gaussian signal with a 1/e2
radius of wx = 4.4(1) µm at the detector. b) Inside a 30 W laser
beam the molecules absorb a mean number of 2 to 3 photons for
v = 140 m/s resulting in a broadened pattern. The spacing of the
peaks (4.9 µm) matches the recoil of a single 532 nm photon and
the resolved substructure suggests that re-emission after absorption
is not the dominant deexcitation mechanism.
a Gaussian filter with a radius of 1 camera pixel. We then
perform background correction (in addition to the background
subtraction done after image acquisition) by masking the
diffraction pattern, averaging the image along the y-direction,
fitting a smoothing spline, and subtracting the noise floor.
The same process is repeated along the x-axis. To find the
horizontal center of the diffraction pattern we fit a Gaussian
to a y-averaged, 16 µm wide horizontal stripe at the top of the
diffraction pattern.
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2DATA PROCESSING— PHTHALOCYANINE
We determine the forward velocities in the images by com-
parison with a phthalocyanine diffraction pattern obtained
with a material grating in Ref. [24]. The patterns are aligned
by maximizing the overlap of their intensity distributions,
which are obtained by integrating the images horizontally.
For a material grating the diffraction orders are clearly sepa-
rated, and the position- as well as momentum-space separa-
tion between them is known, which allows us to calculate the
forward velocities.
To align the profiles in Fig. 4d) we fit them with a sum of
three Gaussians, two narrow ones for the peaks and a broad
one to account for the losses. The profiles and images are
then horizontally aligned with respect to the rightmost Gaus-
sian for negative incidence angles and the leftmost Gaussian
for positive incidence angles. By taking into account the
molecules’ forward velocity, we convert the horizontal axis
from pixel to ~k.
NUMERICAL SIMULATION— CIPROFLOXACIN
The diffraction image shown in Fig. 2b) is simulated
line-by-line (horizontally) by solving the Raman-Nath equa-
tions (4) using QUTIP [25, 26]. We truncate the infinite set
of equations to those with |j| < 213 and choose n = 700.
The initial state is Gaussian in position space with a parabolic
phase and a standard deviation of the probability amplitude
equal to 4.6 µm. The latter is chosen so that the width of
the undiffracted beam at the top of the experimental image
matches that in the simulation with the laser turned off. The
parabolic phase, in turn, is that of a paraxially-approximated
spherical wave with the source located 1505 mm (the dis-
tance between the source and the Sx delimiter) away. We
start by transforming the initial state to momentum space
via FFT and evolving it using QUTIP’s sesolve with a
time-dependent, band-diagonal Hamiltonian. We integrate
the Schrödinger equation over a time interval of 6σω−1r , after
which free propagation in momentum space (by multiplica-
tion with the transfer function in Fresnel approximation) is
performed. The result is then transformed back to position
space. The resulting lines of the simulation are stacked verti-
cally and multiplied by the intensity of the corresponding data
line. Then, a Gaussian filter is applied in the vertical direction
to the obtained image to account for the finite height of Sy. To
account for the horizontal extent of the source (and thus finite
transverse coherence), we calculate 50 diffraction patterns
for point sources with different x positions and average the
images by intensity with Gaussian weights corresponding to
an estimated source radius of 12 µm standard deviation.
z = 0
z0
z2
s
x‘
x
δ
δ‘‘
Suppl. Fig. 2. Estimating the effective source size δ and the
collimation radius of the molecular beam from the known on-screen
stripe radius δ′′ and collimation slit width s. The Gaussian peaks
represent the (approximately Gaussian) molecular densities in the
source and detector planes.
ABSORPTION INSIDE THE GRATING
To estimate the number of photons phthalocyanine absorbs
inside the laser grating, we limit the transverse velocity spread
in the molecular beam to about the recoil velocity by closing
the Sx delimiter to 4 µm. For molecules traveling at 140 m/s,
this leads to a most probable transverse velocity of 0.4 mm/s,
which corresponds to a kinetic energy of about 5 nK in this
degree of freedom. With the laser grating turned off, the
signal at the detector has a 1/e2 radius of 4.4(1) µm as shown
in Suppl. Fig. 1a). Turning on the grating with a power of
30 W, vertical radius wy = 44(1) µm, and incidence angle
θgrat = 1.25mrad, for which we expect no diffraction, results
in a broadening of the beam as shown in Suppl. Fig. 1b).
The lineshape exhibits a substructure whose spacing matches
the recoil of a 532 nm photon for molecules travelling at
140 m/s, assuming that the width of the individual peaks
remains constant. From the shape we infer that the mean
number of absorbed photons is about 2.5 at this laser intensity,
and thus in the range 0.8–1.0 at the intensities used in the
diffraction experiments.
MOLECULAR BEAM COLLIMATION
To estimate the collimation radius of the molecular beam,
we first estimate the source size using ray optics, as illustrated
in Suppl. Fig. 2. For an infinitely narrow collimation slit
at z = z0 and Gaussian source (at z = 0) with standard
deviation δ, we would expect a Gaussian stripe on screen with
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Suppl. Fig. 3. Power dependence of Bragg diffraction of phthalo-
cyanine. Panels (a) and (b) show the diffraction patterns for laser
grating powers of 12.3 (a) and 5.7 W (b). The double peak visible at
0 W (c) is an artifact caused by the collimation slit. Panel (d) shows
intensity profiles integrated over a region corresponding to a velocity
range of 143–175 m/s.
width
δ′ =
z2 − z0
z0
δ. (SI.1)
If the slit has finite width described by a transmission function
t(x), the stripe on screen will be a convolution of the δ′-
wide Gaussian with a projection of the slit, t ((z0/z2)x′). To
obtain a simple analytical estimate of the stripe width, we
approximate a boxcar-shaped t(x) with a Gaussian with a
standard deviation of s/4. The stripe is then also Gaussian
with a standard deviation
δ′′ =
√(
sz2
4z0
)2
+
(
z2 − z0
z0
δ
)2
. (SI.2)
Eq. (SI.2) is easily inverted, allowing us to estimate δ knowing
s and δ′′. With a known source size δ and slit size s we can
estimate the one-sigma collimation radius to be
1
z0
(
δ +
s
2
)
. (SI.3)
Using Eq. (SI.2) we estimate the source sizes to be 12
and 10 µm for the data in Figs. 3 and 4, respectively. This
gives one-sigma collimation radii of 12µrad in both cases (the
two-sigma collimation radii are 20 and 19 µrad, respectively).
EFFECT OF GRATING POWER
To study the influence of the potential depth on the diffrac-
tion efficiency, we record diffraction patterns at grating pow-
ers ranging from 0 up to 12.3 W, as shown in Suppl. Fig. 3.
The profiles in panel (d) show the intensity oscillating be-
tween the diffracted and the undiffracted beams. Additionally,
the distance between the peaks increases as a function of
power, corresponding to a change in θgrat of about 20 µrad.
We attribute this to residual thermal drift in the experimental
setup.
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